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A pot trial incorporating various watering regimes was initiated to assess: 1) water stress in Eucalyptus grandis seedlings, and 2) the efficacy of
different types of research equipment in quantifying these levels of water stress for applied research. There were two dry soil treatments differing in
terms of seedling root plug moisture at transplanting, dry (DD) and wet (WD), respectively, and three treatments consisting of well watered seedlings
transplanted into wet soil (WWD, WWW and control). Treatment WWW was re-watered when seedlings were water stressed. The control was
maintained at field capacity for the entire trial period. Seedling physiology was assessed by shoot water potential, stomatal conductance and
chlorophyll fluorescence. Seedlings with dry root plugs, planted into dry soil were dead one to two days after planting. Awet root plug at the time of
transplanting increased seedling shoot water potential and survival for up to three days in dry soil. Planting into wet soil increased shoot water
potential for the duration of the trial and was also associated with new root growth. This study indicated that both the pressure chamber and the
porometer provided simple and easy to interpret measures of water stress in E. grandis seedlings. Measurements of chlorophyll fluorescence did not
significantly reflect treatment effects.
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In South Africa hardwoods are grown primarily for pulpwood
over an eight to twelve year rotation. Most hardwoods are planted
along the eastern seaboard and adjacent escarpmentwhere rainfall
ranges from approximately 600 to 1100 mm (Smith et al., 2005).
To optimise productivity on a site specific basis, a variety of
eucalypt species and hybrids are planted including: Eucalyptus
grandis, E. nitens, E. smithii, E dunnii, E. grandis×E.
camaldulensis and E. grandis×E. urophylla (Smith et al.,
2005). Even when planted on highly productive sites mortality
following planting can exceed 10%, resulting in sub-optimal
stocking which affects final yield in a pulpwood stand (Morris,
1995; Chambers and Borralho, 1997). Survival and initial growth
can be associated with one or a combination of the following
factors: silvicultural practices (Turvey, 1996; Little and Van⁎ Corresponding author.
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doi:10.1016/j.sajb.2007.08.004Staden, 2003), seedling quality and age (Zwolinski et al., 1995;
Bayley and Kietzka, 1997) and incorrect site-species matching
(Darrow, 1995). These factors may become more critical if plants
are grown under adverse environmental conditions that negative-
ly affect the ability of the seedling to utilize the site's resources.
Worldwide, water deficits are one of the major causes of
failure during re-establishment, and a seedlings ability to use
water efficiently is crucial to post-planting survival (Burdett,
1990; Margolis and Brand, 1990). If the seedling does not
receive water during the period of new root development, its
internal water deficits will increase considerably (Burdett,
1990). The natural distribution of Eucalyptus species in
Australia is strongly influenced by their ability to manage
water stress, either as seedlings, or as they continue to grow
(Myers and Landsberg, 1989). Water stress following planting
is considered one of the major causes of eucalypt seedling death
in South Africa (Viero and Little, 2006) and Ethiopia (Gindaba
et al., 2004). The availability of soil water as a function of
rainfall is thus important when planting eucalypts in South
Africa and most planting is confined to the summer monthsts reserved.
Table 1
Description of treatments used in a pot trial to determine the effect of water
availability at, and after, planting on water stress in E. grandis seedlings
No. Moisture
content of
root plug
at planting
Water
applied at
planting
(L)
Water
applied
after
planting
(L)
Treatment aim Treatment
name in
text
1 Dry 0 0 – Water stressed before,
at and after planting
DD
2 Wet 0 0 – Water stressed at and
after planting
WD
3 Wet 1.5 0 – Water stressed after
planting
WWD
4 Wet 1.5 1 L
at 9 days
– Partial water stress
after planting
WWW
5 Wet 1.5 1 L every
1–2 days
– Never water stressed Control
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during the rainy season, however, rainfall can be erratic often
forcing foresters to plant in less than ideal conditions. In
addition, in regions with high mid-summer temperatures, such
as the sub-tropical coastal regions in KwaZulu Natal, planting is
carried out during the cooler, winter months when the potential
for rainfall is lower (Viero and Little, 2006). The planting of
eucalypts in South Africa is thus often characterized by the
inclusion of water into the planting hole, as this has been shown
to reduce the risk of early mortality (Viero et al., 2002; Viero
and Little, 2006).
Since eucalypt seedling mortality may be partly attributed to
soil water deficits, an understanding of the physiological
response to water stress following planting is necessary if
measures to alleviate water stress are to be developed. While
some physiological research on eucalypts has been conducted
(Myers and Landsberg, 1989; Stoneman, 1994; Gindaba et al.,
2004), little could be found for species locally grown
(E. grandis, E. smithii, E. dunnii and E. nitens), especially
during establishment. Parameters that can be assessed to
identify water stress include changes in photosynthetic rate,
shoot water potential, transpiration rate, stomatal conductance
and chlorophyll fluorescence (Dye, 1996; Roden and Ball,
1996; Rolando and Little, 2003; Stokes, 2004). Factors that
limit the number of parameters that can be assessed include
manpower, researcher competence and available funding. In
addition, for applied studies, physiological data that are
accurate, easy to obtain and simple to interpret have the benefit
of increasing the value of the study without compromising the
objectives of the research. Since there are few references to the
measurement of physiological parameters of eucalypt seedlings
planted in South Africa, the efficacy and simplicity of different
methods in quantifying water stress needs to be assessed. A pot
trial incorporating various watering regimes was initiated to
assess: 1) water stress in E. grandis seedlings and 2) the
efficacy of different types of research equipment in quantifying
these levels of water stress, particularly for applied research.
2. Materials and methods
The pot trial was carried out at the Institute for Commercial
Forestry Research (ICFR) nursery, Pietermaritzburg. The pots
(25 cm diameter×15 cm deep), chosen to reflect the dimensions
of standard planting pits prepared for planting, were filledwith the
equivalent of 4 L of a dry, silty clay soil (47% silt, 45% clay and
8% sand). The pots were sheltered during rainfall events to
prevent inadvertent wetting of the soil (and seedlings), as all
watering in the trial was controlled. TheE. grandis seedlings were
first grown in a pine bark medium in polystyrene trays with 128
cavities each with a capacity of 36 ml.
The trial consisted of five watering treatments arranged in a
randomised complete block design of eight single tree replica-
tions (Table 1). The treatments were designed to simulate dif-
ferent levels of water stress at the time of planting and
immediately thereafter. Extra seedlings were planted for des-
tructive sampling in treatmentsWD andWWD. Before planting,
all of the seedlings were watered twice daily except the seedlingsin treatment DD which did not receive any water on the day
before planting. The seedlings were transplanted into the pots on
the 10th September 2004. Since eucalypts respond rapidly to
water deficits, the trial was terminated 11 days later on the 21st
September 2004 when sufficient information had been collected
to meet the objectives of the trial.
Air temperature (1.5 m above ground) and relative humidity
were measured for the duration of the trial with an Onset Hobo®
temperature logger (Onset Computer Corporation) housed in a
Stevenson Screen. Vapour pressure deficit (kPa) was calculated
from measurements of air temperature and relative humidity
(Unwin, 1980). Measurements of soil temperature 10 cm below
the soil surface were made with thermocouples (Campbell
Scientific, 1997) from the time of planting until trial termination
in all treatments, except in treatment DD, as it was assumed that
pot soil temperature would be similar to that in treatment WD.
Measurements of the volumetric water content (m3 m−3) of the
top 6 cm of soil in the pots were made with a Delta-T Theta
Probe type ML2 (Delta-T Devices Ltd) (Little et al., 1996).
Using the probe, measurements of soil water content were taken
in each pot for all treatments on the day of planting, and at 3, 5,
7, 9 and 11 days after planting (after the application of water in
the respective treatments).
The height (ht, cm), groundline diameter (gld, mm), root and
shoot dry mass (g) of the seedlings were measured on the day of
planting (n=10) and at treatment termination (n=8). The oven
dry mass of new roots emerging from the root plug, as well as
the length of the longest new root (cm), was also determined at
termination. Stomatal conductance, shoot water potential and
chlorophyll fluorescence measurements were taken at mid-day
to meet periods when water stress was assumed to be the
greatest. Measurements were made on all seedlings on the day
before planting, and at 1, 3, 5, 7, 9 and 11 days after planting,
except for water potential, where only 4 seedlings were
destructively sampled. Stomatal conductance measurements
(gs, mmol m
−2 s−1) were made with a LI-1600 Steady State
porometer (LI-COR, 1984) and measurements of shoot water
potential (Ψ, MPa) were made using the pressure chamber
technique (Scholander et al., 1965). Since the leaves and shoots
Fig. 2. Maximum and minimum daily soil temperature averaged for each
treatment in the root plug zone (10 cm below the soil surface) in a pot trial
implemented to determine the effect of water availability at, and after, planting
on water stress in E. grandis. Bars represent the standard errors of the means at
each point in time. For details of the treatment abbreviations refer to Table 1.
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were made on the excised stem (and were therefore destructive).
Chlorophyll fluorescence transients were measured on the first
young fully expanded leaves at mid-day with a portable
fluorimeter (Hansatech Plant Efficiency Analyser, PEA) as
described by Rolando and Little (2003). All samples were dark
adapted for 30 min prior to fluorescence measurements.
Biolyzer 3.0 (Maldonado-Rodriguez, 2002) was used to view
the fluorescent data whereby a variety of JIP-test measurements
describing a fluorescence induction curve were obtained from
the data stored by the PEA (Strasser et al., 2000; Rolando and
Little, 2003). Strasser et al. (2000) detail the derivation of the
multitude of JIP-test parameters, the description of which is
beyond the scope of this study. Treatment means and standard
deviations (SD) were used to summarize the data (All values
stated in the text are the mean followed by the SD). All analyses
were carried out using Genstat® for Windows™ Version 7.1
(Lane and Payne, 1996).
3. Results and discussion
Although the trial was initiated on a relatively cool day
(maximum temperature of 22 °C), most of the following days
were hot, with air temperatures exceeding 30 °C on six out of
the eleven days. Mid-day relative humidity was generally low
(25 to 35%) resulting in high vapour pressure deficits (Fig. 1).
All measurements of plant water stress were conducted on clear,
sunny days, except on day nine, which was overcast and cool
(17.5 °C) with a higher relative humidity (56%).
The addition of water affected the daily maximum soil
temperatures in the zone of the root plug (Fig. 2). Soil tem-Fig. 1. Stomatal conductance (mmol m−2 s−1) for all 5 treatments in a pot trial to
determine the effect of water availability at, and after, planting on water stress in
E. grandis seedlings. Bars represent the standard error of the means at each point
in time. The vapour pressure deficit at maximum daily temperature has been
shown. For details of the treatment abbreviations refer to Table 1.peratures in WD (and DD) exceeded soil temperatures of the
control, WWD and WWW treatments by more than 5 °C during
the first three days after planting. As the soil inWWD andWWW
dried out, maximum daily temperatures started to exceed those of
the control by more than 1–2 °C. This reached a maximum on the
eighth day after planting when the soil temperature in WWD and
WWW was 6 °C higher than that in the control, and over 40 °C.
Daily minimum soil temperatures for all treatments were almost
identical. Eucalypts tend to grow well at air and soil temperatures
between 20 and 30 °C, however, there have been few studies that
have investigated the effect of soil temperatures on the growth of
eucalypts. Grant and Byrt (1984) found that root growth of
E. marginata and E. calophylla was greatest at a temperature of
31 °C, the highest temperature they tested. Stoneman and Dell
(1993) found that soil temperature affected the growth of all plant
parts where shoot growth was found to be highest at 30 °C, but
root growth had a lower optimum at 20 °C.
Seedlings in treatmentsDD andWDwere dead three days after
trial initiation. When treatments WWD, WWW and the control
were terminated eleven days after planting both root and shoot
growth had occurred (Table 2). The greatest increases in root and
shoot biomass, as well as the longest new roots, occurred in the
control where moisture was not limiting (Table 2). The rapidity
with which eucalypt seedlings initiate new root growth highlights
the importance of moisture to maximize the potential access to
additional water reserves. As observed in this study, root:shoot
ratio of eucalypt seedlings tested in a study by Stoneman (1994)
increased as they underwent water deficits. Stoneman (1994),
however, also found a large range in root:shoot ratios of eucalypt
seedlings, with the faster growing species such asE. globulus and
E. grandis having lower root:shoot ratios than the slower growing
species of E. radiata, E. oblique and E. marginata. The higher
Table 2
Treatment differences before and after planting, for all treatments in a pot trial to determine the effect of water availability at, and after, planting on water stress in
E. grandis seedlings
Treatment a Ht (cm) Gld (mm) Mass of roots in
root plug (g)
Shoot mass
(g)
Mass of new
roots (g)
Root:shoot Length longest
new root (cm)
Before planting 12.0 (±1) 1.5 (±0.2) 0.82 (±0.04) 1.03 (±0.26) 0.80
DD (3) 10.3 (±1.7) 1.8 (±0.1) 0.86 (±0.05) 1.00 (±0.06) 0 0.86 0
WD (3) 9.90 (±1.1) 1.8 (±0.2) 0.84 (±0.03) 0.98 (±0.07) 0 0.86 0
WWD (11) 11.7 (±1.9) 1.9 (±0.2) 0.88 (±0.03) 1.07 (±0.07) 0.06 (±0.02) 0.87 5.2 (±1.3)
WWW (11) 10.6 (±1.6) 1.9 (±0.2) 0.87 (±0.07) 1.10 (±0.10) 0.07 (±0.03) 0.85 5.5 (±2.5)
Control (11) 11.9 (±1.9) 2.3 (±0.2) 0.93 (±0.04) 1.18 (±0.00) 0.08 (±0.03) 0.85 7.4 (±0.8)
Values in brackets are the standard deviation of the mean.
a Numbers refer to the days after planting that the treatment was terminated.
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negatively affected new root growth as compared to the control.
Although the water retention characteristics of the soil used
in this trial were not determined, it is possible to get an indi-
cation of plant available water from studies conducted on
similar soil types. The soil used in this trial was a silty clay, with
a high organic carbon content (10%) and low bulk density (the
soil had been disturbed prior to potting). The permanent wilting
point occurs at a soil matric potential of approximately
−1.5 MPa, which occurs when the volumetric soil moisture
content (m3 m−3) drops below 0.3 (or 30%) for this type of soil
(Smith et al., 2001). Field capacity (generally accepted to be the
soil moisture content at a matric potential of −10 kPa) will be
attained at a volumetric soil moisture content of about 0.4 m3
m−3 (or 40%) (Smith et al., 2001). Soil moisture content was
above field capacity in the control for the duration of the trial
and the small changes in stomatal conductance reflected initial
transplant stress or changes in the vapour pressure deficit
(Fig. 1).
From five days after planting stomatal conductance was
highest in the control, (200 mmol m−2 s−1), where soil moisture
was not limiting and shoot water potential was high (−0.65±
0.14MPa), (Table 3, Figs. 1 and 3). Stomatal conductance for the
seedlings in treatment DD and WD declined rapidly following
planting (Fig. 1) with no readings possible when these treatments
were terminated on day 3 and shoot water potential was greater
than −3.5 MPa (Table 3). There was no plant available soil
moisture in either of these treatments, however, the higher
moisture content of the root plug at planting in WD versus that in
DD allowed for a higher level of conductance on the day after
planting (Table 3, Fig. 1). Soil moisture contents in treatments
WWD and WWW declined from above 40% to just below 30%Table 3
Average shoot water potential (MPa) of seedlings used in a pot trial to determine th
seedlings
Time relative
to planting
DD WD
−1 −1.16 (±0.2) −0.77 (±0.08)
1 −1.36 (±0.2)
3 N−3.5 N−3.5
7
11
Values in brackets are the standard deviation of the mean.from three to nine days after planting (Fig. 3). During this period,
stomatal conductance ranged between 50 to 100 mmol m−2 s−1
and shoot water potential declined from −0.9 MPa to −1.2 MPa
(Table 3). On day nine, despite low soil moisture content,
conductance of seedlings in WWD and WWW increased, possi-
bly in response to the reduced vapour pressure deficit (Fig. 1). If
the seedlings did respond to reduced vapour pressure deficit,
despite low soilmoisture, thiswould indicate that criticalmoisture
thresholds may not have been reached. Following watering of the
seedlings in WWW, there was a corresponding increase in con-
ductance (Fig. 1) and shoot water potential (from −1.56 MPa to
−0.91MPa), to a level similar to thatmeasured in the control. This
was in contrast to the seedlings in WWD, where conductance
was low at trial termination and it is likely that the stomata had
closed (although it was unlikely that the seedlings were dead). At
this stage shoot water potential of the seedlings in WWD was
−1.56MPa and soil moisture was below 30%. Stomatal control is
a very important mechanism for limitation of water loss and
the stomata of eucalypts show a range of sensitivity to water
deficits (Stoneman, 1994). For E. globulus and E. camaldulensis,
Stoneman (1994) found that stomatal conductance decreased
once leaf water potential fell below −1 MPa, whereas for
E. saligna, stomatal conductance decreased as leaf water potential
fell from −1 to −2 MPa.
Treatments DD and WD provided some insight into the
importance of root plug moisture at the time of planting. Soil
moisture content in both of these treatments was very low
(b20%), yet visible symptoms of stress were delayed in WD,
and conductance was higher in this treatment on the day after
planting (85 mmol m−2 s−1 versus 32 mmol m−2 s−1 in
treatment DD). During a commercial planting operation,
especially when dry planting in summer, delaying the onset ofe effect of water availability at, and after, planting on water stress in E. grandis
WWD WWW Control
−0.77 (±0.08) −0.77 (±0.08) −0.77 (±0.08)
−0.93 (±0.02)
−1.23 (±0.05)
−1.56 (±0.09) −0.91 (±0.2) −0.65 (±0.1)
Fig. 3. Volumetric (m3m−3) soil water content, expressed as a percentage, in a
pot trial to determine the effect of water availability at, and after, planting on
water stress in E. grandis. Bars represent the standard error of the means at each
point in time. For details of the treatment abbreviations refer to Table 1.
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not occur. The measurements of shoot water potential and
stomatal conductance from day one to seven after planting of
the seedlings in treatment WWD, −0.8 to −1.22 MPa and 130
to 50 mmol m−2 s−1 respectively, also indicate the benefits of
adding water to the pit during the planting operation (in terms of
improved water availability and reduced post-planting stress).
Contrary to a previous study conducted by Rolando and Little
(2003) on E. grandis seedlings, measurements of chlorophyll
fluorescence, and derived JIP-test parameters, did not reflect the
imposed water stress treatments. The surprising lack of
measurable changes in fluorescence parameters in this study
may reflect that either the E. grandis seedlings used in this study
were more tolerant of water stress than that used in previous
studies, or that the study was not conducted for a sufficient
period of time to induce changes that could be detected.
4. Conclusion
This study indicated that both the pressure chamber and the
porometer provided simple and easy to interpret measures of
water stress in E. grandis seedlings for the duration of the trial.
In addition, the measurements reflected accurately the imposed
levels of water stress. The main disadvantage of the pressure
chamber was the need to make destructive measurements which
affected sample size. While measurements of chlorophyll
fluorescence have the potential to be quick, non-destructive,
repeatable and accurate, the interpretation of this data requires
an in-depth understanding of the photo-chemical reactions
(Strasser et al., 2000). Our observations indicate that for applied
research, the training required to understand and interpret thefluorescence data may not be warranted by the repeatability of
the results obtained.
The results from this trial have indicated the importance of
watering seedlings prior to planting. Ensuring a wet root plug at
the time of planting may minimize immediate post-planting
water stress. Wet soil or the application of water at planting also
increases the chance of survival during the first week after
planting. Higher moisture availability is associated with new
root growth that is essential to access additional water reserves
in the planting pit. Measurements of water stress for applied
research are most easily made with a porometer and/or pressure
chamber.
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